Double-stranded RNA-mediated interference (RNAi) has recently emerged as a powerful reverse genetic tool to silence gene expression in multiple organisms including plants, Caenorhabditis elegans, and Drosophila. The discovery that synthetic doublestranded, 21-nt small interfering RNA triggers gene-specific silencing in mammalian cells has further expanded the utility of RNAi into mammalian systems. Here we report a technology that allows synthesis of small interfering RNAs from DNA templates in vivo to efficiently inhibit endogenous gene expression. Significantly, we were able to use this approach to demonstrate, in multiple cell lines, robust inhibition of several endogenous genes of diverse functions. These findings highlight the general utility of this DNA vector-based RNAi technology in suppressing gene expression in mammalian cells. D ouble-stranded RNA (dsRNA) can trigger silencing of homologous gene expression by a mechanism termed RNAi (for RNA-mediated interference) (1). RNAi is an evolutionarily conserved phenomenon and a multistep process that involves generation of active small interfering RNA (siRNA) in vivo through the action of an RNase III endonuclease, Dicer. The resulting 21-to 23-nt siRNA mediates degradation of the complementary homologous RNA (reviewed in refs. 2-4). RNAi has been used as a reverse genetic tool to study gene function in multiple model organisms, including plants, Caenorhabditis elegans, and Drosophila where large dsRNAs efficiently induce gene-specific silencing (1, 5-7).
D
ouble-stranded RNA (dsRNA) can trigger silencing of homologous gene expression by a mechanism termed RNAi (for RNA-mediated interference) (1) . RNAi is an evolutionarily conserved phenomenon and a multistep process that involves generation of active small interfering RNA (siRNA) in vivo through the action of an RNase III endonuclease, Dicer. The resulting 21-to 23-nt siRNA mediates degradation of the complementary homologous RNA (reviewed in refs. [2] [3] [4] . RNAi has been used as a reverse genetic tool to study gene function in multiple model organisms, including plants, Caenorhabditis elegans, and Drosophila where large dsRNAs efficiently induce gene-specific silencing (1, (5) (6) (7) .
One obstacle to achieving RNAi in mammals is that dsRNAs longer than 30 nt will activate an antiviral response, leading to the nonspecific degradation of RNA transcripts and a general shutdown of host cell protein translation (8, 9) . As a result, the long dsRNA, with a few exceptions (10, 11) , does not produce RNAi activity, and RNAi therefore is not a general method for silencing specific genes in mammalian cells. This obstacle has been recently overcome by Tuschl and colleagues (12) who found that gene-specific suppression in mammalian cells can be achieved by vitro-synthesized siRNA that are 21 nt in length, long enough to induce gene-specific suppression, but short enough to evade the host interferon response.
In this article, we describe a DNA vector-based approach to achieve RNAi in mammalian cells. With this approach, small RNAs are predicted to be synthesized from a DNA template under the control of an RNA polymerase III (Pol III) promoter in transfected cells. Pol III has the advantage of directing the synthesis of small, noncoding transcripts whose 3Ј ends are defined by termination within a stretch of 4-5 thymidines (Ts) (13). These properties make it possible to use DNA templates to synthesize, in vivo, small RNAs with structural features close to what has been found to be required for active siRNAs synthesized in vitro (14) .
Using this DNA vector-based RNAi approach, we show that transfected as well as endogenous genes can be efficiently inhibited. We have examined the effects of the in vivosynthesized siRNAs on a transfected reporter gene, a housekeeping gene, and genes involved in cell cycle control and DNA methylation. In each and every case, we find that these small RNAs efficiently and specifically inhibit the synthesis of proteins encoded by the corresponding genes. Taken together, we have developed an RNAi approach that uses a DNA template to synthesize small RNA in vivo. This technique can be broadly used for analysis of gene functions and thus will significantly facilitate the use of the RNAi technology in cell culture and vertebrate animals.
Materials and Methods
Construction of Plasmids That Contain DNA Templates for the Synthesis of siRNAs Under the Control of the U6 Promoter. Plasmid pmU6 (Ϫ315͞ϩ1) (gift of S. Altman, Yale University, New Haven, CT) was used as a template for PCR isolation of the U6 promoter (Ϫ315 to ϩ1) with an added ApaI cloning site at the transcriptional initiation site, which was cloned into Bluescript (BS) to generate the parent plasmid BS͞U6. A general strategy for constructing an RNAi plasmid involved subcloning an inverted repeat into BS͞U6 at the ApaI site. The selection of the coding sequences for siRNA was empirically determined but they started with GG and were analyzed by BLAST research to ensure that they did not have significant sequence homology with other genes. Insertion of the individual repeat motifs into BS͞U6 was achieved in two separate steps. For example, to generate the BS͞U6͞gfp RNAi plasmid, a 22-nt oligo (oligo 1) corresponding to nucleotides 106-127 of the green fluorescent protein (GFP) coding region was first inserted into the BS͞U6 vector digested with ApaI (blunted) and XhoI. The inverted motif that contains the 6-nt spacer and five Ts (oligo 2) was then subcloned into the XhoI and EcoRI sites of the intermediate plasmid to generate BS͞U6͞gfp. Oligo 1 is 5Ј-GGCGATGCCACCTAC-GGCAAGC-3Ј (forward) and 5Ј-TCGAGCTTGCCGTAGGT-GGCATCGCC-3Ј (reverse). Oligo 2 is 5Ј-TCGAGCTTGCC-GTAGGTGGCATCGCCCTTTTTG-3Ј (forward) and 5Ј-AATTCAAAAAGGGCGATGCCACCTACGGCAAGC-3Ј (reverse).
Construction of RNAi plasmids for the endogenous genes [lamin A͞C, cyclin-dependent kinase-2 (cdk-2), and DNA methyltransferase-1 (dnmt-1)] was essentially the same as above. The sequences for the bodies of the siRNAs for lamin A͞C, cdk-2, and dnmt-1 were taken from GenBank accession nos. XM-086566 (nucleotides 1627-1647), XM-049150 (nucleotides 652-672), and NM-001379 (nucleotides 598-617), respectively.
Cell Culture and Transfections. HeLa, U-2 OS, H1299, and C-33A (American Type Culture Collection) cells were cultured in DMEM (GIBCO) supplemented with 10% of heat-inactivated FBS. Cells grown on coverslips in 6-well plates were transfected by using a calcium phosphate method and harvested 2-3 days after the transfection. Separate plasmids encoding GFP and siRNAs were generally used at a ratio of 1:10-1:30.
Immunofluorescence Microscopy. Cells were harvested 3 days posttransfection for analysis. They were washed once with PBS and fixed with 3% paraformaldehyde in PBS for 20 min at room temperature. The cells were permeabilized with PBS containing 0.5% of Igepal CA-630 nonionic detergent (Sigma) for 10 min and washed twice in PBS containing 0.1% of Igepal (washing buffer). After blocking with washing buffer containing 10% FBS, cells were incubated with the appropriate primary antibodies for 2-4 h at room temperature. The anti-DNMT-1, anti-CDK-2, and anti-lamin B antibodies (Santa Cruz Biotechnology) were used at the dilutions of 1͞50, 1͞150, and 1͞100 in blocking buffer, respectively. The monoclonal anti-hemagglutinin (HA) antibody was from Babco (Richmond, CA), and anti-lamin A͞C antibody was from Cell Signaling (Beverly, MA). They were used at the dilutions of 1͞300 and 1͞100, respectively. After three washes, the cells were incubated with the corresponding secondary antibodies for 30 min at room temperature and washed three times with the washing buffer and once with PBS. The coverslips were then rapidly rinsed in water before being mounted in Vectashield medium (Vector Laboratories). The coverslips were analyzed by fluorescence microscopy (Leica, Deerfield, IL) using objective ϫ60, and the data were acquired with a Sony digital charge-coupled device camera and processed by Adobe PHOTOSHOP software.
Western Blotting. Two days after transfection, cells were washed with PBS and collected by scraping. They were lysed in ice-cold Tris buffer (50 mM, pH 7.5) containing 5 mM EDTA, 300 mM NaCl, 0.1% Igepal, 0.5 mM NaF, 0.5 mM Na 3 VO 4 , 0.5 mM PMSF, and antiprotease mixture (Roche Molecular Biochemicals), sonicated, and centrifuged at 13,000 ϫ g for 10 min. The supernatant was used for protein determination by the Bradford procedure (Bio-Rad) and Western blotting. The proteins were resolved on 12% SDS-polyacrylamide gels, transferred onto nitrocellulose membranes, and incubated with the appropriate antibodies. The anti-GFP antibody was obtained from Santa Cruz Biotechnology and used at a 1͞100 dilution. The anti-HA mAb was used at a 1͞2,000 dilution. The peroxidase-based detection was performed with Chemiluminescence Reagent (NEN Life Science) according to the manufacturer's instructions.
Results and Discussion
siRNA Synthesized from DNA Templates in Vivo Efficiently Inhibited a Transfected Gene in Mammalian Cells. Tuschl and colleagues (14) defined the active, in vitro synthesized siRNA as a 21-nt-long dsRNA with symmetrical 2-to 3-nt 3Ј overhangs (14) . In other organisms such as C. elegans and Drosophila, the input RNA can be either in the form of a long dsRNA or a hairpin dsRNA (15, 16) . Presumably, both forms of RNA are further cleaved by Dicer, a RNase III enzyme, to generate 21-to 23-nt-long siRNA (17) (18) (19) . To synthesize, from a DNA template, a small RNA displaying features close to these requirements, we used RNA Pol III, which directs transcription that terminates at a run of 4-5 Ts, making it possible to design RNA with defined ends. The strategy we adopted is shown in Fig. 1A . Briefly, we inserted DNA fragments that acted as templates for the synthesis of small RNAs under the control of the mouse U6 promoter that directs the synthesis of a Pol III-specific RNA transcript (20) . The resulting RNA is composed of two identical 21-nt sequence motifs in an inverted orientation, separated by a 6-bp spacer of nonhomologous sequences. Five Ts that function as a termination signal for Pol III (13) were added at the 3Ј end of the repeat (Fig. 1 A) . This RNA is predicted to fold back to form a hairpin dsRNA with a 3Ј overhang of several Ts (Fig. 1 A) . Although the exact structure of this small RNA is unknown, it robustly inhibited gene expression in vivo as described below. We therefore use the term siRNA to refer to these molecules.
Previous studies showed that the length of the 3Ј overhangs plays a role in determining the activity of siRNA synthesized in vitro (14) . Although the exact number of Ts has not been determined, we expect the 3Ј overhang of the siRNA transcribed by Pol III in our system not to exceed five Ts (Fig. 1 A) . This prediction is based on the fact that human Pol III stops within or immediately after the five Ts (13). This structure preserves some of the features of the siRNA defined by Tuschl and colleagues (12) but is nevertheless distinct. Notably, only one end of the siRNA is exposed and its 3Ј overhang is predicted to be slightly longer than 2-3 nt. Despite these differences, these siRNAs functioned effectively to inhibit gene expression in mammalian cells. We used this strategy to generate DNA templates for synthesis of siRNAs corresponding to the gfp (BS͞U6͞gfp), human lamin A͞C (BS͞U6͞lamin A͞C), cdk-2 (BS͞U6͞cdk-2), and dnmt-1 (BS͞U6͞dmnt-1) genes.
To determine whether this DNA vector-based approach can be used to inhibit gene expression in mammalian cells, we first tested DNA template-derived siRNA on a transfected plasmid encoding the GFP. We constructed a plasmid, BS͞U6͞gfp, that carries the U6 promoter linked to an inverted repeat matching a 21-nt coding region within the gfp gene. We transfected either the BS͞U6 or BS͞U6͞gfp vector together with the target cytomegalovirus (CMV)-GFP plasmid and an unrelated HA-ERK-5 plasmid into HeLa cells. We then assayed for GFP and HA-ERK-5 expression within the same transfected cells by immunostaining (Fig. 1B) . Whereas vector BS͞U6 had no effect on GFP expression, BS͞U6͞gfp greatly diminished its expression. In most transfected cells (i.e., displaying HA-ERK-5 expression), GFP expression was reduced to near background levels as shown in Fig. 1B (two such cells are indicated by solid arrows in d). Significantly this effect is gene-specific because BS͞U6͞gfp did not inhibit the expression of cotransfected HA-ERK-5 (Fig. 1B, compare b and e) . The presence of HA-ERK-5 did not affect RNAi because in its absence we observed similar level of inhibition of GFP by the GFP siRNA (data not shown). The immunostaining results were further confirmed by Western blotting, as shown in Fig. 1C . We used two different doses of the BS͞U6͞gfp plasmid in the experiment (1.5 and 3.0 g) and observed similar reduction of GFP levels (Fig.  1C, compare lanes 2 and 3) . Further experiments will be necessary to determine whether there is a dose-response in the inhibition mediated by siRNA synthesized from DNA templates. Compared with the BS͞U6 vector control, the inhibition of GFP expression by BS͞U6͞gfp was estimated to be more than 80% (Fig. 1C, compare lanes 2 and 3 with lane 1) . The lack of complete inhibition may in part be caused by high level of GFP expression that was directed by a strong CMV promoter. As shown below, RNAi inhibition of endogenous genes appeared to be more robust. Taken together, these findings strongly suggest that the DNA vector-based RNAi approach functions in mammalian cells.
Efficient Inhibition of Three Endogenous Genes by siRNAs Synthesized
from DNA Templates in Vivo. We next wanted to determine whether this approach functions to inhibit expression of endogenous genes. We analyzed three endogenous genes with diverse functions. The first gene we targeted for repression was the human lamin A͞C gene, which has been shown to be effectively inhibited in cell culture by in vitro-synthesized siRNAs (12) . We transfected HeLa cells with either BS͞U6 vector or BS͞U6͞lamin A͞C, which directs synthesis of a lamin A͞C siRNA in vivo, together with CMV-GFP to mark the transfected cells. As shown in Fig. 2 , whereas BS͞U6 vector had no significant effect on lamin A͞C expression (a), the plasmid BS͞U6͞lamin A͞C reduced lamin A͞C expression in transfected cells to levels comparable to those seen with the secondary antibody alone (compare d with a and g). Significantly, BS͞U6͞lamin A͞C siRNA had no effect on the expression level of the related lamin B gene (Fig. 2, compare m with j) , suggesting that the observed RNAi effect is gene-specific.
Having demonstrated that the DNA vector-based RNAi worked well to inhibit the expression of the lamin A͞C gene, we asked whether this strategy functioned broadly to inhibit genes of interest by examining two additional genes involved in different aspects of cell biology. The second gene we targeted for repression was the human cdk-2 gene, which plays an important role in cell cycle control (reviewed in ref. 21 ). We constructed a plasmid carrying a DNA template that directs the synthesis of a cdk-2 siRNA and carried out transient transfection in HeLa cells as described above. GFP was cotransfected to mark the transfected cells. As shown in Fig. 3A , cells that have been transfected with the BS͞U6͞cdk-2 plasmid had significantly reduced, close to background, level of CDK-2 protein compared with BS͞U6 vector-transfected cells (compare panel d with a and g, two transfected cells were indicated by solid arrows). In contrast, cdk-2 expression in nontransfected cells was comparable to that observed in cells transfected with the vector control (Fig. 3Aa) . Because we transfected significantly more BS͞U6͞ cdk-2 plasmid than GFP plasmid (20:1 ratio), some of the cells may have received only the RNAi plasmid and not the GFP plasmid. As expected, some GFP-negative cells (indicated by open arrows in Fig. 3A ) also had reduced CDK-2 expression near to background level (Fig. 3A, compare d with a and g ). Taken together, these data indicate that cdk-2 siRNA worked efficiently to reduce CDK-2 expression in vivo.
We next targeted DNMT-1, which plays an important role in maintaining patterns of CpG methylation and the epigenetic control of gene expression in mammals (22) . As shown in Fig. 3B Fig. 3B ) that also had reduced DNMT-1 expression. As mentioned above, these cells may have received only BS͞U6͞dnmt-1 vector but not the GFP plasmid, because of the high RNAi-to-GFP plasmid ratio used for the cotransfections. Lastly, we asked whether siRNAs synthesized from DNA templates in vivo can inhibit gene expression in different cell lines. In addition to HeLa cells, we analyzed the activity of the cdk-2 and lamin A͞C siRNA plasmids in three additional cell lines: H1299 (nonsmall cell lung carcinoma), C-33A (human papilloma virus negative cervical carcinoma), and U-2 OS (osteosarcoma). Cells were transfected with either BS͞U6 or siRNA plasmid together with CMV-GFP to mark the transfected cells. For each data point shown in Table 1 , 200 GFP-positive cells were counted for the expression of either CDK-2 or lamin A͞C. In the presence of the BS͞U6 vector, the CDK-2-negative͞ GFP-positive cells ranged from 0.2% to 5.2%, whereas the lamin A͞C-negative͞GFP-positive cells ranged from 1.2% to 4.3%. In contrast, in the presence of the cdk-2 or lamin A͞C siRNA plasmid, we observed dramatic increases in the number of CDK-2 or lamin A͞C-negative͞GFP-positive cells (86.9% to 97.7%; and 93.5% to 95.2%, respectively, Table 1 ). Taken together, our data demonstrate that siRNAs synthesized from DNA templates in vivo cause robust, near complete inhibition of endogenous gene expression in a variety of cells, suggesting that this technique is generally applicable to studying gene function in mammalian cells.
We have provided strong evidence that a DNA vector-based RNAi approach functions effectively to silence endogenous gene expression in mammalian cells. This process is expected to greatly facilitate the use of the RNAi technology for gene function studies in mammalian cells and perhaps in vertebrate animals as well. The technology can be adapted to analyzing gene function over a long period through stable inhibition. It also can be adapted to establish an inducible siRNA system that can knock down gene expression in a regulated fashion. This latter feature is necessary for studying genes whose products are required for cell viability. Finally, the vector-based RNAi technology makes it possible to consider RNAi as a reverse genetic tool for genome level analysis of mammalian gene functions.
